Retinotopic maps form prior to the development of vision, when retinal waves serve as a robust source of correlated neural activity. Two recent studies provide critical insights into the features of retinal waves that may be instructive for the formation of retinotopic maps.
In the visual system, retinotopic maps preserve neighboring relationships between the initial visual signals through the multiple stages of processing. Several maps-including retinotopic maps in the superior colliculus (SC), lateral geniculate nucleus (LGN), and primary visual cortex (V1)-are established prior to the maturation of vision, and their development is a multistep process governed by a combination of activity-dependent and activityindependent mechanisms (McLaughlin and O'Leary, 2005) . Here we preview two papers that utilize transgenic mouse models to increase our understanding of how spontaneous correlated activity in the form of retinal waves contributes to retinotopic map formation.
In this issue of Neuron, Stafford et al. record simultaneously from hundreds of retinal ganglion cells (RGCs) using a highdensity, large-scale multielectrode array (Stafford et al., 2009) . These large-scale recordings allow the authors to perform a detailed quantitative analysis of the firing patterns that has not been previously possible. This analysis sheds light onto the features of wave activity that are essential for the topographic arrangement of retinal axons in the SC and their eyespecific segregation in the LGN (Torborg and Feller, 2005) .
The authors compare spontaneous firing patterns between WT mice and knockout mice that lack the b2 subunit of the nicotinic acetylcholine receptor (b2KO), an important model system for elucidating the role of retinal waves in map refinement. Retinocollicular projections in b2KO mice have larger termination zones (McLaughlin et al., 2003) and receptive fields (Chandrasekaran et al., 2005) compared with those in WT mice. Initial studies of b2KO mice, conducted by our laboratory, showed that during the developmental period when retinotopic refinement occurs, these mice exhibited no retinal waves but rather a low level of nonpropagating correlated activity (Torborg and Feller, 2005) . This made b2KO mice good candidates for testing the instructive role of waves in retinotopic map refinement. However, a recent study has demonstrated that under recording conditions different from those in the original studies, the b2KO mice do exhibit propagating retinal waves (Sun et al., 2008) . This has heightened the argument over the role of retinal waves in map refinement: is it instructive or merely permissive? (For a discussion of the implications of all of these findings for eye-specific segregation of retinogeniculate axons, see Chalupa, 2009; Feller, 2009 ).
Stafford et al. demonstrate that b2KO retinas have dramatically different firing patterns at different temperatures: at 30 C, RGCs fire uncorrelated, low-frequency bursts of action potentials, whereas at 37 C, they exhibit waves-namely, correlated propagating bursts. In contrast, the spontaneous firing pattern in WT retinas is stable across this temperature range. Stafford et al. go on to show that the pattern of retinal waves observed at 37 C in b2KO mice differs from WT waves in several ways. One notable difference is that in b2KO retinas, waves propagate significantly faster than in WT. The speed of wave propagation affects the spatial extent of correlations in RGC firing. The faster propagation in b2KO retinas leads to higher correlation coefficients for distant neurons-and potentially, a decrease in the resolution of instructive retinotopic signals.
Another difference between b2KO and WT waves relates to the direction of wave propagation. The large spatial extent of the recording array allowed the authors to discover an unexpected feature of retinal waves: an orientation bias. There are more waves propagating along the nasal-temporal (NT) than the dorsalventral (DV) axis of the WT retina. In contrast, waves in b2KO retinas show no such bias. Is the difference in wave prevalence along the two retinal axes, observed in WT mice, also instructive for retinotopic maps?
The authors suggest that the bias in wave orientation provides a plausible explanation for several recent findings that indicate a stronger influence of neural activity on the refinement along one axis of a retinotoptic map compared with the other. These recent studies demonstrated, for example, that in b2KO mice, retinogeniculate axons were elongated along the axis representing NT visual space (Grubb et al., 2003) . Similarly, retinotopic projections from LGN to V1 in these mice, and also in WT mice in which the endogenous pattern of retinal waves had been altered pharmacologically, were distorted along the this same visual axis, but not along the axis representing DV visual space (Cang et al., 2008) . More profound asymmetries were observed in retinal projections to the SC (Chandrasekaran et al., 2005) , a miswiring that results in deficits in optomotor behaviors along the NT visual axis only (Wang et al., 2009) .
The authors postulate that the prevalence of waves along one retinal axis may drive the refinement along the corresponding axis of the retinotopic map via a burst-time-dependent model (Butts et al., 2007) . In this scenario, retinal waves drive synaptic weakening by causing SC neurons to fire bursts of action potentials 1-2 s after the burst of presynaptic RGCs. When a wave propagates along the NT axis, RGCs located along this axis fire with a temporal offset determined by the wave propagation speed. In contrast to that, RGCs located along the orthogonal axis fire in sync because they are being hit by the propagating wavefront simultaneously. The orientation bias enhances the likelihood that spatially distant RGCs will fire temporally offset bursts along the NT axis, which helps drive refinement more effectively along this axis through the elimination of incorrect synapses.
Why would the mechanisms of refinement be different for the two axes of a retinotopic map? This asymmetry may originate from the differences between the molecular cues that guide the initial map formation or the differences between the morphological changes that underlie map refinement along the two axes (McLaughlin and O'Leary, 2005) . The NT axis of the retina maps onto the anteriorposterior (AP) axis of the SC. At the initial mapping step, RGCs project far into the posterior pole of the SC, significantly overshooting their future termination zones. During refinement, the overshooting portion of an axon retracts and side branches form in the appropriate location. The mechanism of mapping the DV axis of the retina onto the mediallateral (ML) axis of the SC is quite different: in this dimension, RGC axons are presorted in the optic tract prior to entering the SC . During refinement, any imprecision in axonal positions along the ML axis is corrected for by molecular interactions that guide the side branches to the correct side of the axon. Thus, the higher contribution of retinal waves to the refinement along the AP axis of the SC may be a way in which the developing visual system compensates for the early bias in the level of refinement between the two collicular axes.
In addition to map formation and refinement, the developing visual system has to solve the problem of map alignment, when signals that come from different brain areas but refer to the same location in visual space need to be reintegrated for further processing. In a recent Cell paper, Triplett et al. use a powerful combination of genetic, anatomical, and in vivo physiological techniques to implicate early retinal activity in the alignment of two retinotopic maps in the SC (Triplett et al., 2009 ). Retinal and cortical axons terminate in different layers of the SC, but their topographic maps coregister (Drager and Hubel, 1976) . Mapping from the NT axis of the retina to the AP axis of the SC is governed by the interaction of receptor tyrosine kinases, EphAs, which are expressed in a gradient along the NT retinal axis, with ephrin-A ligands that are expressed in an AP gradient in SC. Triplett et al. used a transgenic mouse wherein the EphA3 receptor is overexpressed in half the RGCs (EphA3ki/ki), which leads to the generation of two distinct retinocollicular maps displaced along the AP axis (Brown et al., 2000) . They found that, in contrast to retinocollicular projections, the projections from retina to LGN and from LGN to V1 maintain a normal retinotopic map, providing an opportunity to test specific hypotheses regarding the alignment of retinal and cortical maps in the SC. Do the neurons that project from visual cortex to the SC maintain their normal map, adopt the double map of the retinocollicular projections, or do something in between?
If cortical axons utilized the same mechanisms as the retinal axons for mapping onto the SC, then we would expect that corticocollicular projections should be normal in EphA3ki/ki mice because in this mouse, the EphA gradient is disrupted in the retina and not in V1. Instead, in the EphA3ki/ki, V1 axons projecting to the SC split into two maps to match the double map created there by the retinal axons. This indicates that V1 axons, upon arrival to SC, match their projection to the map of retinal axon termination zones. Consistent with this conclusion, V1 axons arrive at the SC when the retinocollicular map refinement is already complete, and their refinement occurs 1 week later. In addition, the corticocollicular map is disrupted if the retinal projections are missing or reduced, as in monocularly enucleated mice or mutant mice with 95% fewer RGCs.
What mechanism directs cortical axons to terminate in the same region of the SC as the retinal axons that refer to the same location in visual space? Since retinal and cortical axons terminate in different layers of the SC, there are no direct axon-axon interactions between them. Therefore they are likely to act via common postsynaptic targets, implicating an activitydependent, synaptic mechanism. To test whether retinal activity plays a role, Triplett et al. crossed EphA3ki/ki with b2KO mice. They found that in this double mutant the retinocollicular termination zones formed a double map along the AP axis as in EphA3ki/ki, and were enlarged as in b2KO. However, unlike in EphA3ki/ki, cortical axons did not split to match the doubling of the map-rather, they formed a single corticocollicular map that was misaligned with either of the two retincollicular maps. This implicates endogenous pattern of retinal activity in guiding the coregistration of retinal and cortical termination zones located along the AP axis of the SC.
The significance of these findings is profound: they indicate that prior to the onset of visual experience, retinal activity is instructive for the convergence of two retinotopic maps. This is similar to a classic finding in the barn owl, where visual activity drives realignment of visual and auditory space maps in response to a visual map shift (Knudsen and Brainard, 1995) -but in the case of developing visual maps in the mouse SC, the alignment is driven by spontaneous activity before the maturation of vision. One outstanding question is whether this alignment requires the endogenous activity pattern not only in the retina, but also in the cortex. Though retinal waves are correlated with the activity in V1, propagating activity patterns in cortex do not faithfully replicate the spatio-temporal properties of waves and are influenced by the pattern of intracortical connections (Hanganu et al., 2006) . Future experiments will need to determine whether this coarse level of correlation between retinal and cortical activity is relevant for the alignment of retinocollicular and corticocollicular maps.
The two papers previewed here suggest a dual role for wave propagation bias in the development of retinotopic maps. The NT bias reported by Stafford et al. may not only account for the more pronounced wave influence on the refinement along the AP axis of the SC, but also drive the matching of corticocollicular and retinocollicular maps along the AP axis reported by Triplett et al. If we are to resolve the longstanding dispute regarding the instructive versus permissive role of waves and elucidate the mechanisms that transform wave activity into axonal rearrangements, it looks like we need to go with the flow-and focus on wave direction.
